ABSTRACT Nilaparvata lugens (Stål) (Hemiptera:Delphacidae) is a serious migratory pest of rice in Asia. Pest resurgence often occurs because of insecticide overuse. Using both susceptible (TN1) and moderately resistant (Xieyou 963) cultivars, we studied the effect of foliar insecticides on the percentage of brachypterous adults, female reproductive rate, and crude fat and soluble sugar contents in third-and Þfth-instar nymphs and adults. The percentage of brachypterous adults and reproductive rate of adult females developed from nymphs that fed on insecticide-treated plants varied signiÞcantly with rice cultivar, type of insecticide, and its concentration. Feeding on susceptible plants increased the percentage of brachypterous adults and reproductive rate of adult females. Also, deltamethrin increased brachypterous production relative to imidacloprid and triazophos. The highest reproductive rate was on plants treated with triazophos. All insecticide treatments in both cultivars resulted in increase of soluble sugar contents in third-and Þfth-instar nymphs and adults developed from nymphs feeding on insecticide-treated rice plants. This effect was stronger on the susceptible cultivar. Changes of crude fat content after N. lugens feeding on insecticide-treated plants were related to its feeding duration. Crude fat content in adult developed from nymphs feeding on treated plants was signiÞcantly higher that on control plants. These studies showed that plant and insecticide inßuences on physiological ecology of this planthopper will inßuence its population dynamics under commercial production of rice in Asia.
Resurgence of pests is deÞned as an increase in target arthropod pest species abundance to a level that exceeds that of a control or untreated population after the application of an insecticide (acaricide) (Hardin et al. 1995) . There are many cases of insecticide-induced resurgence of agricultural pests, including the planthopper, Nilaparvata lugens (Stål) (Chelliah and Heinrichs 1980 , Ressig et al. 1982 , Gao et al. 1988 , Wang et al. 1994 , Gu et al. 1996 , often associated with pesticide overuse. Ecological mechanisms for pesticide-induced N. lugens resurgence include reduction in natural enemies (Fabellar and Heinrichs 1986, Gao et al. 1988 ) and stimulation of fecundity (Gu et al. 1984 , Wang et al. 1994 . Synthetic pyrethroids and organophosphates are the insecticides likely to induce resurgence (Ressig et al. 1982 , Wang et al. 1994 , Gu et al. 1996 . Interestingly, a selective insecticide, imidacloprid, stimulates fecundity of rice yellow borer, Tryporyza incertulas (Wang et al. 2005 ) and twospotted spider mite, Tetranychus urticae (James and Price 2002) . Also, the reproductive rate of N. lugens increases on rice treated with a biological fungicide, jingganmycin (Wu et al. 2001) . Little is known about physiological change in pests and its potential contribution of induced resurgence.
Nilaparvata lugens is a serious insect pest of rice, Oryza sativa (Graminales, Poaceae), throughout Asia (Duck and Thomas 1979) . Both nymphs and adults aggregate and feed on leaf sheaths at the basal portion of rice plants, causing signiÞcant economic damage to rice (Sogawa and Cheng 1979) . When N. lugens population densities are high, feeding can lead to "hopperburn," a symptom reßected as drying of rice leaves and wilting of the tillers (Bae and Pathak 1970) . In rice producing regions of southern China, as well as the middle and lower reaches of the Yangtze River, N. lugens populations have effectively been suppressed by selective insecticides such as imidacloprid and buprofezin since the early 1990s (Cheng et al. 2003) . Chemical control is still the Þrst choice for management of N. lugens among many farmers in China. However, resurgence reoccurred during 2005Ð2006 because of resistance of the insect to imidacloprid and overuse of synthetic pyrethroids. Besides the use of insecticides, population management is also associated with selection cultivar (resistant or susceptible). On susceptible rice cultivars, the effect of a synthetic pyrethroid, deltamethrin, on N. lugens resurgence was ampliÞed relative to populations on resistant cultivars (Gu et al. 1996) . To advance our knowledge about N. lugens resurgence and management, we examined physiological changes of N. lugens exposed to several insecticides on two different rice cultivars.
Materials and Methods
Plant Material. Two rice cultivars were used: susceptible Taichung Native one (TN1) and resistant Xieyou 963 to brown planthopper N. lugens (Stål). Rice seeds were sown in cement tanks (60 by 100 by 200 cm). Potted rice seedling plants at the tillering stage were used in all experiments.
Insects. Experimental insects were derived from a stock population of N. lugens maintained in the greenhouse of the Insect Department, Yangzhou University. Before the experiments started, the N. lugens colony was maintained for eight generations in an insectary at 28 Ϯ 4ЊC and 14:10 (L:D) h.
Insecticides. Three insecticides were used: a synthetic pyrethroid, deltamethrin (Hontaiyan Crop Co., Nanjing, China), an organophosphate insecticide, triazophos (Changqin Pesticide Co., Yangzhou, China), and imidacloprid (Yangnon Crop Co., Yangzhou, China). All three are commonly used for insect management on rice.
Effect of Insecticides on the Percentages of Brachypterous Adults and Reproductive Rate of Adult Females. Three concentrations of each insecticide (low, middle, and high) were designed based on their sublethal doses. Plants were sprayed with: 1, 3, and 6 ppm of deltamethrin, 10, 20, and 40 ppm of triazophos, and 1, 5, and 10 ppm of imidacloprid using a Jacto sprayer (Maquinas Agricolas Jacto, Pompeia, Brazil) equipped with a cone nozzle (1-mm-diameter oriÞce; pressure, 45 psi; ßow rate, 300 ml/min). Control plants were sprayed with tap water. Treated rice plants were covered with a cage (screen size: 30 mesh). Twenty thirdinstar nymphs were released on rice plants after spraying. All treated plants were grown in a greenhouse at ambient temperatures (24 Ð28ЊC) and 16-h photoperiod. All treatments and controls were replicated three times. Numbers of brachypterous adults were recorded after adult emergence. Two adults (female ϫ male) were placed in a jar (6 cm diameter, 15 cm tall) containing a rice plant for egg laying. The plant was changed daily. Numbers of eggs laid per female were counted under a microscope. Eggs were scraped from the leaf sheath using a pin.
Effect of Insecticides on Crude Fat and Soluble Sugar Contents in Third-and Fifth-Instar Nymphs and Adults. The plant material and insecticide treatments were the same as described above. Crude fat and soluble sugar contents in third-instar nymphs were measured 48 h after nymph release to treated plants. For Þfth-instar nymphs and adults, insecticide application times were different from third-instar nymphs. The plants on which Þfth-instar nymphs were feeding were sprayed two times: 1 d before and 5 d after third-instar nymph release. The plants on which adults were feeding were sprayed three times: 1 day before and 5 and 10 d after third-instar nymph release. Multiple application of insecticides during N. lugens outbreaks is a standard practice in commercial rice Þelds. Sprays were conducted on rice plants grown in pots (four hills per pot) and with 200 third-instar nymphs released per pot (one replicate). There were three replicates per treatment. All treated plants were grown in a greenhouse under the same conditions as previously described. Crude fat and soluble sugar contents were measured in Þfth-instar nymphs and adults that developed from third-instar nymphs feeding on the rice plants treated with insecticides.
Quantification of Crude Fat and Soluble Sugar. Crude fat was measured using the cable-extraction method (Chen et al. 2003) . Twenty third-instar nymphs, 10 Þfth-instar nymphs, and 10 adults were weighed and wrapped with Þlter paper, respectively, dried in an oven at 80ЊC for 4 h, and put into the bottom of extraction tube. Empty Þlter paper (no insects present) was used as a control. The wrapped paper was removed after extraction, dried in an oven at 80ЊC, and weighed.
The soluble sugar level was measured using enthrone method (Chen et al. 2003) . After crude fat extraction, N. lugens nymphs and adults were placed in a mortar and ground with 10 ml of 99.7% alcohol. The sample solution was put into a test tube, incubated for 30 min at 80ЊC, cooled down, and centrifuged at 2,000 ϫ g for 15 min. The volume of supernatant was measured. The extraction process was replicated three times. The volume of supernatant was adjusted to 50 ml with distilled water. One milliliter of supernatant was placed into a 10-ml test tube, to which 1 ml of distilled water and 4 ml of enthrone were added. The test tube was placed in a water bath, boiled for 15 min, and cooled down. Absorbance at 620 nm was detected with the 722 spectrometer (Third Analytical Instrument Company of Shanghai, Shanghai, China). Glucose was used to construct a standard curve.
Statistical Analyses. Normal distribution and homogeneity of variance were tested before analyses of variance (ANOVAs). A three-way ANOVA (insecticide ϫ concentration ϫ rice cultivar) was performed to analyze the data of brachypterous adults, their reproductive rates (adult females), and crude fat and soluble sugar contents. Multiple comparisons of means were conducted based on Fisher protected least signiÞcant difference (PLSD). Rice cultivar, insecticides, and insecticide concentrations had two, three, and four main effect means, respectively. There were three Þrst-order interaction effects and one secondorder interaction effect. All analyses were conducted using the GLM procedure of SPSS 11 program (SPSS 2002) . Table 1 ). Interaction effects were signiÞcant except for rice cultivar ϫ insecticides. The percentage of brachypterous adults that developed from third-to Þfth-instar nymphs on susceptible TN1 plants treated with insecticides was 7% higher than that on moderately resistant Xieyou 963 plants treated with the same insecticides. These percentages from nymphs feeding on the TN1 plants treated with 10 ppm triazophos was signiÞcantly higher than that from other treatments and control, whereas for Xieyou 963, these percentages from nymphs feeding on plants treated with 6 ppm deltamethrin was significantly higher than that on plants from other treatments and control. The percentage of adults in 40 ppm triazophos and 1 ppm imidacloprid treatments were signiÞcantly higher than that of controls (Table 1) . Insecticide-induced reproductive stimulation also varied with rice cultivar (P ϭ 0.013), insecticide (P ϭ 0.045), and concentration (P ϭ 0.039; Table 1 ). Number of eggs laid by adult females on insecticide-treated TN1 plants was 114% higher than on Xieyou 963 and higher from females that developed after triazophos treatment than deltamethrin and imidacloprid treatments. Fecundity for high concentration treatments was signiÞcantly higher than that for middle and low concentrations and controls, increasing by 10, 109, and 205%, respectively. Fecundity from most of insecticide treatments for TN1 was signiÞcantly higher than the control, and that from one half of insecticide treatments for Xieyou 963 was signiÞcantly higher than the controls.
Results

Effects of Insecticides on
Crude Fat and Soluble Sugar Contents in ThirdInstar Nymphs. Although crude fat content in thirdinstar nymphs was not signiÞcantly different for rice cultivars and the type of insecticide (Table 2) , there were signiÞcant differences for insecticide concentrations (Table 4) . Crude fat content in third-instar nymphs from TN1 control was signiÞcantly higher than that from insecticide treatments (Table 4 ). This may be related to the short duration of third-instar nymph feeding. However, the soluble sugar content in the nymphs was signiÞcantly different (P ϭ 0.0001 for rice cultivars; P ϭ 0.0001 for insecticides; P ϭ 0.0001 for insecticide concentration). Also, all interaction effects were signiÞcant (Table 5) . Mean soluble sugar content in nymphs feeding on TN1 plants treated with insecticides was 59% higher than on Xieyou 963. For the three insecticides, mean soluble sugar content in the nymph feeding on the rice plants treated with imidacloprid was 23 and 45% higher than that on the plants treated with deltamethrin and triazophos, respectively. The content in the nymphs feeding on the plants treated with a high concentration of insecticide was 27, 31, and 105% higher than middle and low concentrations and the controls, respectively. Soluble sugar contents for most of treatments did not significantly increase compared with control (Table 2) .
Crude Fat and Soluble Sugar Contents in FifthInstar Nymphs. The rice cultivar, insecticide, insecticide concentrations, and their interactions (except cultivar ϫ insecticide concentration interaction) had signiÞcant effects on crude fat content in Þfth-instar nymphs (Table 4) . For two cultivars, the content in the nymph feeding on TN1 plants treated with insecticides was 67% higher than on Xieyou 963. However, the crude fat content in the nymphs feeding on control plants of TN1 only increased by 23% compared with that on control plants of Xieyou 963. This indicates a signiÞcant amplifying effect of insecticide treatment on TN1. Crude fat contents in the nymphs among three insecticides were not signiÞcantly different. Although multiple comparisons showed that crude fat content of various insecticide treatments for TN1 were not signiÞcantly different compared with con- trols, on cultivar Xieyou 963, they were signiÞcantly lower than that of control ( Table 2) . The rice cultivar, insecticide, insecticide concentrations, and their interactions (except cultivar ϫ insecticide concentration interaction) also had a significant effect on soluble sugar content in Þfth instar nymphs (Table 5 ). Average soluble sugar content in the nymphs that developed from TN1 was 17% higher than that from Xieyou 963. The average of soluble sugar content in Þfth-instar nymphs on the plants treated with imidacloprid was 24 and 25% higher than that from plants treated with triazophos and deltamethrin, respectively. For different insecticide concentrations, the average sugar content in the nymphs developing from nymphs feeding on plants from higher concentration treatment was 18, 24, and 83% higher than low and middle concentrations and controls, respectively. For TN1 and Xieyou 963, maximum soluble sugar contents were in 6 ppm deltamethrin and 40 ppm triazophos treatments, and minimum contents were in 20 ppm triazophos and 1 ppm deltamethrin treatments. However, soluble sugar contents of only a few treatments for two cultivars did not increase signiÞcantly compared with controls (Table  2) . Statistically, this is an interaction effect.
Crude Fat and Soluble Sugar Contents in Adults. The rice cultivar, insecticide concentrations, and their interaction effects had a signiÞcant effect on crude fat content in adults (Table 4 ). The average from TN1 was signiÞcantly higher than that from Xieyou 963, increasing by 141%. Effect of insecticides was dependent on concentration. The average from high, middle, and low insecticide concentrations were higher than that from control, increasing by 39, 32, and 38%, respectively. For TN1 and Xieyou 963, maximum crude fat content was in the 40 ppm triazophos treatment, and minimum contents were in 5 ppm imidacloprid and 10 ppm triazophos treatments, respectively. Crude fat content in adults for all insecticide treatments on TN1 and most treatments on Xieyou 963 were signiÞcantly higher than that for control (Table  3) . Based on changes of crude fat from third-instar nymphs to adults, we found a trend that the longer N. lugens is feeding on treated plants, the greater is the difference of crude fat content in insects between treatments and control.
Soluble sugar contents in adults signiÞcantly varied with rice cultivars, insecticides, and their concentrations (Table 3 ). All main and interaction effects were signiÞcant (Table 5 ). The average on TN1 was significantly higher than that from Xieyou 963. Adults developed from nymphs feeding on triazophos-treated plants were 16 and 49% higher than from imidaclopridand deltamethrin-treated plants, respectively. These averages from low, high, and middle concentration treatments plants were higher than control by 156, 143, and 127%, respectively. For TN1 and Xieyou 963, maximum soluble sugar contents were in 40 and 10 ppm triazophos treatments, and minimum contents were in 1 ppm imidacloprid and 6 ppm deltamethrin treatments. Soluble sugar contents for all treatments except three concentrations of deltamethrin on Xieyou 963 were signiÞcantly higher than that of controls (Table 3) .
Discussion
Althrough N. lugens resurgence is often explained by the mortality of natural enemies in rice Þeld caused by insecticide applications (Ressig et al. 1982 , Heinrichs et al. 1982b . Insecticide applications did not consistently result in pest resurgence (Heinrichs et al. 1982a (Heinrichs et al. , 1982b . In addition to declining natural enemy populations, insecticide-stimulated pest reproduction is an important ecological mechanism of pest resurgence (Hardin et al. 1995) . We provided valuable information on physiological ecology of the stimulation of pest reproduction.
Lipids and sugars are not only necessary substances for growth, development, and movement (ßight) of insects, but are also important composition of insect yolk (Wang 2004) . Therefore, the two substances are associated with insect reproduction. One of the main mechanisms of pest resurgence is that insecticides increase reproduction (Gu et al. 1984 , Wang et al. 1994 . Reproductive stimulation is attributed to insect exposure to sublethal doses of insecticides and changes in nutrient substances in plants suitable to insect fecundity caused by use of insecticides (Wu et al. 2001 (Wu et al. , 2003a . For example, Jingganmycin foliar spray results in an increase of free amino acid in rice plants and a decrease in sucrose level and in the ratio of C to N (C/N) (Wu et al. 2001) . Applications of imidacloprid, triazophos, and buprofezin increased the soluble sugar content in rice plants, whereas oxalic acid level with resistance to N. lugens decreased (Wu et al. 2003b) . However, the effect of pesticides on biochemistry of plants varied with the rice cultivar (Wu et al. 2003b) . Here, we show that crude fat and soluble sugar contents in nymphs and adults devel- Liu et al. (1995) reported that total sugar content in resistant and/or susceptible cultivars was not signiÞcantly different. However, glucosidase activity in Sogatella furcifera (Horvath) feeding on a resistant cultivar (Rathu Heenati [RHT]) was signiÞcantly lower than on susceptible TN1 and positively correlated with changes in the insect body weight (Liu et al. 1995) . Our experiments indicate that insecticide effects on the biochemistry of rice plants were more suitable to N. lugens population growth, especially on the susceptible cultivar. Deltamethrin foliar spray on susceptible cultivar Xiushui 4 resulted in the maximum population growth of N. lugens because of a cumulative effect of beneÞcial factors (Gu et al. 1996) . Energy substances for insect ßight are lipids, sugars, and proteins, although they vary with the insect and ßight processes. N. lugens is a migratory insect (Cheng et al. 2003) , and lipids are the main energy fuel for their migration (Chen 1983) . Sugar is the main energy fuel in Diptera (Beenakkers 1969) , and carbohydrates are used as the fuel during the initial ßight period in Mythimna separata (Walker) (Wang and OuYang 1995) . The foliar insecticide applications led to the accumulation of energy substances (lipids and soluble sugars) for N. lugens migration. Based on these Þnd-ings, we can assume that insecticide applications promote the occurrence of N. lugens migration because energy for ßight is increased after nymphs are feeding on treated plants. This may be another mechanism of insecticide-induced resurgence.
More interestingly, imidacloprid foliar applications increase lipids and soluble sugar in nymphs and adults and increased reproductive rates compared with deltamethrin and triazophos. Imidacloprid is a systemic insecticide belonging to the neonicotinoid family (Kagabu 1997) , which irreversibly blocks acetycholine receptors of insects Casida 1993, Nauen et al. 2001) . With an advantage of a relatively low toxicity to mammals (Yamamoto et al. 1998) , and a high and long-lasting efÞcacy against Hemiptera insects (Sone et al. 1997 , Cheng et al. 2003 , imidacloprid has been commonly used to control rice planthoppers, such as N. lugens and Sogatella furcifera in China for more than a decade (Su et al. 1997 , Feng and Pu 2005 , Liu and Han 2006 . Overuse of imidacloprid against rice planthoppers has not only imposed the risk of resistance in many insect pests (GraÞus and Bishop 1996 , Prabhaker et al. 1997 , Wen and Scott 1997 , Liu et al. 2003 but also resulted in various negative effects on rice plants and nontarget insects. Imidacloprid stimulates the fecundity of the twospotted spider mite, Tetranychus urticae Koch (James and Price 2002) , and the yellow rice borer, Tryporyza incertulas (Walker) (Wang et al. 2005) . Reduction of the control efÞcacy of imidacloprid to N. lugens and use of synthetic pyrethroid insecticides to control rice leaffolder Cnaphalocrocis medinalis Guenee resulted in a serious resurgence of N. lugens during 2005Ð2006 in southern China and the middle and lower reaches of the Yangtze River in China.
Our experiments showed that insecticide-induced reproductive stimulation varied with rice cultivar, insecticides, and their concentrations. Reproductive stimulation caused by insecticide treatment was more pronounced on susceptible cultivars. All insecticide treatments also increased soluble sugar contents in third-and Þfth-instar nymphs and adults, and this effect was also stronger on the susceptible cultivar. Changes in crude fat contents of N. lugens feeding on insecticide-treated rice were related to the feeding duration. Crude fat content increased in adults developed from nymphs feeding on insecticide-treated plants. Because fat and sugar provide fuel for insect ßight, the Þndings may be of signiÞcance to the physiology of pest resurgence and resistance, as well as for the physiological ecology of N. lugens migration.
